Abstract-In order to make full use of the potential advantage of the multiple type of acoustic resonance, twin types of acoustic resonances (TTAR) are proposed to construct acoustic resonant device for manipulating aerosols with low energy consumption for acoustic source. The TTAR is realized by the frequency coupling between the Helmholtz resonator and the harmonic waveguide. The TTAR consists of the 1 st type of resonance based on the Helmholtz resonator and the 2 nd type of resonance based on the harmonic waveguide. The sound pressure generated at resonance frequency 1268Hz caused by the 1st type of resonance is amplified 1.8 times comparing to that caused by the acoustic source without the 1st type of resonance. The peak sound pressure caused by TTAR is amplified 1.1 times than that caused by the single type of acoustic resonance based on the harmonic waveguide. The variation of sound pressure distribution for the TTAR and the STAR has the same regulation; however, the former peak sound pressure is much larger than the later at the same energy consumption for acoustic source. Especially, benefit from this advantage, the aerosols and the air medium in waveguide are separated by TTAR in the finite space within waveguide.
I. INTRODUCTION
The aerosol manipulation from the exhaust, such as biomass-fired smoke, coal-fired flue gas, diesel exhaust fumes, etc., plays the significant role in the aerosol removal for ensuring high air quality [1] . The aerosols contained heavy metals suspended in air can cause seriously healthy problem once they are inhaled by the respiratory system [2] . The study on different aerosol manipulation methods is an unnecessary aspect related to preserve air quality and human being healthy from aerosol pollution.
Recently, the aerosol manipulation by acoustic wave is considered as a potential aerosols removal method [3] . Many important studies have been carried out about acoustic aggregation [4] - [7] , acoustic manipulation [8] - [10] and Vincenzo Naso is with the Department of Mechanical and Aerospace Engineering, Sapienza University of Rome, Rome, Italy (e-mail: vincenzo.naso@gmail.com).
Wei Dong is with the School of Energy & Environment, Southeast University, Nanjing 210096, PR China, he is also with the Department of Mechanical and Aerospace Engineering, Sapienza University of Rome, Rome, Italy (e-mail: dongwei59@seu.edu.cn).
acoustic levitation [11] - [14] . For example, Chen etc. [7] studied experimentally the diesel exhaust aerosols of size 0.023-10 μm can be obviously aggregated in one-dimension acoustic standing wave field of sound pressure 161.5 dB and single frequency 1 kHz. Karpul etc. [8] studied theoretically the industrial aerosols of radius 1μm can be separated from air in one-dimension acoustic standing wave field with consuming numerous acoustic energy. Boullosa etc. [14] experimentally levitated the polystyrene spheres of diameter 2cm at sound pressure 150dB using their acoustic device based on the Helmholtz resonator. In these studies, the high sound pressure generated at one appropriate frequency is one indispensable [15] condition for the implementation of these aerosol manipulation methods. However, for the current studies [4] - [7] , [15] , the production of high sound pressure generally consumes a large number of the energy from acoustic source. In terms of the numerous industrial aerosols emission [3] , the numerous energy consumption of acoustic source becomes one significant impediment on the industrial implementation for these aerosol manipulation methods [4] - [8] . Therefore, in this paper, the aerosol manipulation with low energy consumption of acoustic source is an important study aspect of the aerosol manipulation by acoustic wave.
In the current studies [7] - [9] , [11] , [15] , the acoustic resonance design of aerosol manipulation device is generally used to generate high sound pressure without high energy consumption based on the impendence matching characteristic [15] between device and air. The corresponding resonance type generally focuses on the unique one-dimension harmonic waveguide [7] , [11] , [15] . However, the number of acoustic resonance type is relatively fewer considered in the general harmonic mechanism of the unique waveguide. This acoustic resonance type can be named as single type of acoustic resonance (STAR).
In terms of the type amount of the resonance mechanism, we consider that the multiple types of acoustic resonances might contribute to reduce the energy consumption when generating high sound pressure. The coupling of several acoustic resonance types might be an important aspect for the progress of aerosol manipulation device with low energy consumption.
Base on our previous study [9] , [10] , we propose a new twin type of acoustic resonances (TTAR) with low energy consumption to be used to aerosol manipulation. It is well known that the waveguide has dual kinds of function, one for constructing acoustic field and the other for containing and manipulating aerosols. The operation mechanism of TTAR considered as the coupling of the 1 st type and the 2 nd type of resonance is used to construct the acoustic manipulation device of TTAR. The sound pressure characteristic deriving from the improvement of TTAR is studied. The realization of aerosol manipulation by TTAR would experimentally also be carried out. The resonance principle of the 1 st type of resonance depends on relation formula Eq. (1).
II. EXPERIMENT AND METHOD

A. Experimental Set-up and Mechanism
where f is the Helmholtz resonance frequency of HR; c is the acoustic velocity of air; d e , l e and d t , l t are the geometric parameters of HR. The resonance principle of the 2 nd type of resonance depends on relation formula Eq. (2).
where f n is the n-th order resonance frequency of harmonic waveguide; n is the harmonic order of waveguide. In the TTAR system, the basically coupling between the two resonance types depends on the numeric value equivalency for the two resonance frequencies in Eq. (1) and Eq. (2). This coupled equivalency is the key operation mechanism between the single and twin resonance types. Note that the realization of traditional acoustic resonance [7] , [8] , the so-called STAR, depends simply on the resonance principle represented as Eq. (2). In the device study for the STAR, two opposing traditional acoustic sources such as the speakers are generally arranged at the two ends of waveguide showed in Fig. 1(c) . This acoustic device does not consider the resonance principle represented as Eq. (1). In this work, we utilize the characteristic comparison between the STAR and the TTAR to verify the advance performance of TTAR. In order to demonstrate the performance of TTAR, the experimental parameters of set-up are respectively L = 978mm, n = 7, d e = 8mm, l e = 5mm, d t = 35mm, l t = 9mm and f = f n=7 = 1268Hz. Considering the dual kinds of functions of waveguide, Fig.  2 shows the experiment measurement of the 2 nd type of resonance compound on aerosol manipulation. This measurement in waveguide is always appropriate no matter for testing the TTAR or for testing the STAR. The arrangement positions for testing sound pressure within harmonic waveguide and the aerosol characteristic measurement are showed in Fig. 2. x 48 correspond to the positions to be away from nodes and antinodes of 15mm. The source of aerosol material is tobacco fired smoke of aerosol size distribution containing ≤ 0.3μm of 69% aerosols, 0.3μm -0.5μm of 28% aerosols and > 0.5μm of 3% aerosols measured by airborne particle counter (Aero Track APC 9303-01). The aerosol number concentration is larger than 50% measured by opacity smoke meter (SV-5Y). The gas compounds consist of NO x (54.5ppm), CO(1.43%), CO 2 (3.95%), O 2 (18.95%) measured by exhaust gas analyzer (SV-5Q). The experiment temperature is 25℃. Fig . 3 shows the test method for the 1 st type of resonance compared to the general acoustic source. The distances between the acoustic source and sound pressure meter are the same. Note that with the distance increase, the resonance responds have the similar variation trend. Here, we only focus on the variation for the distance equal to 5mm. Fig. 4 shows the advance acoustic characteristic of TTAR. In terms of the 1 st type of acoustic resonance showed in Fig.  4(a) , the resonance respond curve on sound pressure vs. frequency has an obvious peak value at resonance frequency near to the design frequency of acoustic device. This phenomenon indicates that the resonance principle of the 1 st type of acoustic resonance can cause larger sound pressure compared to the general acoustic source. The sound pressure is amplified 1.8 times at the designed frequency of 1268Hz. In terms of TTAR showed in Fig. 4(b) , the resonance resounds with a peak value is also caused at the frequency range of center frequency near 1268Hz. The sound pressure caused by TTAR increases 1.1 times than that caused by STAR at 1268Hz. Fig. 4(c) shows the sound pressure distribution constructed in waveguide respectively by the TTAR and the STAR. The two resonance systems cause the obvious difference between the numerical values of the peaks, despite the similar seven peaks of sound pressure distribution. The spatial periodicity of the sound pressure distribution demonstrates the generation of acoustic standing wave (ASW) field within waveguide. For the sound pressure distribution in each resonance system, each peak has similar numeric value. The similar sound pressure variations indicate the realization of action effect caused by the 2 nd type of resonance principle for the two acoustic devices corresponding to TTAR and STAR. The obviously increased sound pressure for TTAR indicates the advantage of using TTAR to generate high sound pressure without much energy consumption for acoustic source. 5 shows the advance characteristic of aerosol manipulation by TTAR. Corresponding to the dual kinds of functions of waveguide, the realization of aerosol manipulation by TTAR consists of two processes, the generation of ASW field by TTAR and the aerosol manipulation in ASW field. Fig. 3(c) indicates the productions of ASW field by TTAR and STAR. In ASW field, the mechanism of aerosol manipulation by acoustic wave can
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refer to [8] , [9] , [16] , [17] . Due to the acoustic radiation force exerting on aerosols in waveguide, the aerosols in the regions closed to the nodes of ASW field are driven to the regions closed to the contiguous anti-nodes. Based on the mass conservation, the air medium in waveguide is accumulated to the regions near the nodes. At the initial action moment of acoustic wave, the aerosol number distribution in waveguide is uniformly zonal showed in Fig. 4(a) . In ASW field, after 8 minutes and 26 seconds, two types of accumulation regions are caused due to the directional driven for aerosols and the sustaining accumulation for air medium between nodes and anti-nodes. The two types of regions correspond to aerosol accumulation region, B I and B II , and air accumulation region, A, showed in Fig. 4(b) . Fig. 4(c) shows that after same manipulation time, the aerosol number distribution caused by STAR is still zonal. The manipulation effect caused by STAR similar to that caused by TTAR does not appear. The reason might be the low [8] sound pressure caused by STAR with the same energy consumption in TTAR. Considering that one practical passageway can be constructed at the aerosol or air accumulation region, the high concentration aerosols or the more pure air can be gained. Therefore, the TTAR might be appropriate to the industrial aerosol removal.
IV. CONCLUSION
The TTAR focusing on the number of acoustic resonance types is successfully used to manipulate aerosols. Different from the traditional STAR depending on the sole acoustic resonance principle based on the unique harmonic waveguide, the TTAR depends on two different acoustic resonance principles respectively based on the Helmholtz resonator and harmonic waveguide. The two resonance principles are named as the 1 st type of resonance and the 2 nd type of resonance. The two different resonances are coupled by the resonance frequency equivalency. It was found that under the same energy consumption for acoustic source, the sound pressure peak value of resonance responds caused by TTAR is 2.1 times than the sound pressure caused by STAR.In terms of the 1 st type of resonance, the sound pressure peak value of resonance responds is 2.8 times than the sound pressure caused by the acoustic source without considering the 1 st type of resonance. The resonance peaks occur at the center frequency near 1268Hz. Based on the same variation periodicity of sound pressure distribution for TTAR and STAR, the sound pressure caused by TTAR is much larger than STAR. Comparing to the aerosol manipulation by STAR, the aerosol accumulation region and air accumulation region reveal the more effective manipulation effect by TTAR.
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